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The structures and energetics of the N202 isomers are predicted at several levels of theory. Both single 
reference and multireference based correlated methods were used to determine the structures and relative 
energies. Five high-energy minima were located above 2NO with QCISD(T)/6-311 +G(2df)//MP2/6-311 +G( d) 
(PT2F/6-311+G(2df)//MCSCF/6-31G(d)) relative energies of ca. 38 (51), 46 (51), 61 (74), 69 (74), and 68 
(80) kcallmol for 1 ,2-diaza-3,4-dioxacyclobutene (1), bond stretch 1 ,3-diaza-2,4-dioxa[l.l.O]bicyclobutane 
(2), a-N202 (3), 4, and 1 ,3-diaza-2,4-dioxa[l.l.O]bicyclobutane (5), respectively. The effect of basis sets on 
structures is small within a given level of theory. The MCSCF structures agree reasonably with those of 
MP2. 
I. Introduction 
Contrary to considerable experimental1- 17 and theoretical'8- 23 
interest in the weakly bound nitric oxide (NOh dimers, few 
calculations21 ·24·25 and experiments26 have been reported on the 
possible existence of other isomers of N20 2 (see Figure 1). 
Recent interest in these high-energy isomers has arisen due to 
their potential applications as new high energy density materials 
(HEDM). 
To be useful as potential fuels, metastable species must be 
rather high in energy relative to their more stable isomers and 
to potential decomposition products (e.g., NO+ NO, N2 + 0 2, 
N + N02, or N20 + 0 in the case of N202). In addition to a 
large thermodynamic exothermicity, these species must be 
kinetically stable, both adiabatically (that is, relative to an energy 
barrier on a singlet potential energy surface) and nonadiabati-
cally (so that decomposition via coupling to a repulsive (e.g., 
triplet) state is unlikely). In the present work, we examine 
several high-energy isomers of N20 2, with particular emphasis 
on the molecular structure, fundamentals of bonding, and 
energetics relative to alternative decomposition products. The 
kinetic stabilities of these species are dealt with separately. 25b-d 
The only isomer of N202 that has been characterized 
experimentally1- 17 is the weakly bound cis ONNO dimer, that 
lies 1-2 kcal!mol lower than NO + NO. It is clear from 
previous theoretical studies that a proper representation of the 
structure and relative energy of this isomer requires a multi-
reference configuration interaction (MR-CI) treatment. The 
focus of this work is on the high-energy and more covalently 
bound isomers 1-5, shown in Figure 1. 
Several calculations have already been performed on the 
isomer of interest here. Using an SCF plus limited CI 
calculation, Bardo21 predicted the existence of a metastable 1,2-
diaza-3,4-dioxacyclobutene (1) lying 43.8 kcal!mol above the 
cis NO dimer. The D2h cyclic isomer (2) was predicted to be 
a minimum at the RHF/6-31G(d) level of theory by Zandwijk 
et al.24 Michels and Montgomery25• have found that, at both 
the SCF and CISD/6-31G(d) levels of theory, the asymmetric 
(a-N202) planar OONN (3) isomer is a minimum on the N20 2 
potential energy surface, with a 119.5 kcal mol-1 enthalpy of 
0 Abstract published in Advance ACS Abstracts, September 15, 1994. 
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Figure 1. NzOz structural isomers. 
formation. These authors also found a dioxirane-like C2v (4) 
minimum energy RHF/6-31G(d) structure that lies 36 kcal!mol 
above the asymmetric minimum and is separated from the lower 
energy isomer (a-N202) by a small ( < 1 kcal!mol) barrier. 
Very recently, Wodtke and co-workers26 detected resonances 
in their molecular beam SEP experiments that suggest the 
existence of high-energy N20 2 isomers. Indeed, there are 
several such isomers that might be potential energy minima, 
some of which may correspond to those shown schematically 
in Figure 1. Because of their interest as possible new fuels 
and the fascinating recent experiments,26 the molecular and 
electronic structures, nature of chemical bonding, and relative 
energies of these species are investigated using ab initio 
electronic structure theory. 
II. Methods and Calculation 
The structures of the N20 2 isomers have been predicted at 
both the SCF and MP227 levels of theory, using the 6-31G(d),28 
6-311G(d),29 and 6-311 +G(d)29·30 basis sets. Additional sets 
of d and f functions were also used to study the basis set effects 
at the SCF level of theory. Because many of the structures 
displayed in Figure 1 may have significant diradical character 
that requires a multiconfigurational description, geometries were 
also evaluated with fully optimized reaction space (FORS) 
MCSCF31 wave functions. 
Structures were obtained with the use of the analytically 
determined gradients encoded in the GAMESS32 (SCF and 
© 1994 American Chemical Society 
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TABLE 1: Structures and Total Energies (in au) of 
1,2-Diaza-3,4-dioxacyclobutene (1) 
bond length, A 
level energy N-N N-0 0-0 0-0-N 
RHF/6-31G(d) -258.356 361 1.2162 1.3510 1.3975 93.85 
RHF/6-311G(d) -258.421 803 1.2133 1.3427 1.3807 93.57 
RHF/6-311G(2d) -258.436 501 1.2115 1.3486 1.3903 93.80 
RHF/6-311+G(d) -258.426 866 1.2134 1.3429 1.3810 93.58 
RHF/6-311 +G(2d) -258.439 994 1.2114 1.3479 1.3896 93.79 
RHF/6-311G(2df) -258.447 486 1.2112 1.3451 1.3859 93.72 
RHF/6-311 +G(2df) -258.451 147 1.2112 1.3444 1.3851 93.71 
MP2/6-31G(d) -259.071 100 1.2845 1.3923 1.4875 94.18 
MP2/6-311G(d) -259.238 762 1.2769 1.3745 1.4600 93.82 
MP2/6-3Jl+G(d) -259.251 533 1.2773 1.3756 1.4644 93.90 
MCSCF/6-31G(d) -258.579 867 1.2469 1.4308 1.5393 95.86 
TABLE 2: Structures and Total Energies (au) of Bond 
Stretch 1,3-diaza-2,4-dioxa[l.l.O]bicyclobutane (2) 
bond length, A angle, deg 
level energy N-N N-O N-0-N 0-N-0 
RHF/6-31G(d) -258.291 376 1.8762 1.3021 92.19 87.81 
RHF/6-311G(d) -258.388 654 1.8657 1.2953 92.14 87.86 
RHF/6-311G(2d) -258.400 881 1.8703 1.2988 92.11 87.89 
RHF/6-311 +G(2d) -258.404 710 1.8699 1.2985 92.1 I 87.89 
RHF/6-311G(2df) -258.413 103 1.8666 1.2963 92.11 87.89 
RHF/6-311 +G(2df) -258.417 150 1.8665 1.2961 92.12 87.88 
MP2/6-31G(d) -259.088 768 2.0123 1.3962 92.22 87.78 
MP2/6-311G(d) -259.279 048 1.9838 1.3772 92.14 87.85 
MP2/6-311+G(d) -259.288 677 1.9860 1.3789 92.13 87.87 
MCSCF/6-31G(d) -258.536 838 1.9701 1.3651 92.38 87.62 
MCSCF) and GAUSSIAN8833 (SCF, CISD, and MP2) program 
systems. The structures were verified to be either minima or 
transition states by evaluating the appropriate matrix of energy 
second derivatives (Hessian) either analytically (SCF with 
GAMESS, MP2 with CADP AC34) or from finite differences of 
the analytically determined gradients (MCSCF from GAMESS). 
MCSCF wave functions correlate all the bonds in the N20 2 
isomers. The active space used consists of five doubly occupied 
(bonding MOs) and five empty antibonding MOs making up 
the FORS-MCSCF(lO,lO) (10 electrons in 10 orbitals) wave 
function. This corresponds to 5048, 2584, 9996, 5068, and 4936 
spin adapted configuration state functions (CFS) for structures 
1-5, respectively (or 19 404 CSFs without symmetry). The 
starting MOs for these calculations were constructed by local-
izing the occupied orbitals within each symmetry and then 
modifying these appropriately for the corresponding antibonding 
orbitals. 
The final energetics were determined with single point 
calculations using the second order multireference perturbation 
theory (PT2)35 and the GAUSSIAN-136 (Gl) and GAUSSIAN-
237 (G2) methods. PT2 calculations using two different types 
of M~ller-Plesset-like partitioning were carried out using the 
TABLE 3: Structures and Total Energies (in au) of a-N20 2 (3) 
level energy N-N 
RHF/6-31G(d) -258.348 838 1.0844 
RHF/6-311G(d) -258.417 315 1.0787 
RHF/6-311 G(2d) -258.431 015 1.0734 
RHF/6-311 +G(d) -258.424 318 1.0774 
RHF/6-311 +G(2d) -258.436 977 1.0726 
RHF/6-3110(2df) -258.442 081 1.0732 
RHF/6-311 +G(2df) -258.448 070 1.0724 
MP2/6-31G(d) -259.027 820 1.1547 
MP2/6-311G(d) -259.223 431 1.1466 
MP2/6-311+G(d) -259.238 295 1.1453 
CISD/6-31G(d) -258.932 499 1.1072 
QCISD/6-31G(d) -259.032 783 1.1257 
MCSCF/6-31G(d) -258.552 040 1.1166 
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MOLCAS-2 program.35 The PT2D partitioning includes only 
the diagonal part of the one-electron operator in the zeroth-
order Hamiltonian while PT2F also includes all nondiagonal 
elements. Only the former one is invariant to orbital transfor-
mations. The G 1 and G2 procedures are based on MP2/6-
31G(d) geometries. G1 energies are obtained from MP4-
(SDTQ)38/6-31 G( d,p ), with additional improvements in basis 
sets and level of correlation, assuming that they are additive 
beyond the MP2/6-311G(d,p) level. The basis set corrections 
include corrections due to diffuse-sp [M(+)] and polarization 
functions (d and f type) [L\E(2df)] for nonhydrogen atoms. 
Correlation corrections beyond MP4(SDTQ) were obtained 
using the QCISD(T)39 method with the 6-311 G( d,p) basis set, 
M(QCI). The combined energies, [E(MP4/6-311G(d,p) + 
M(+) + M(2df) + L\E(QCI)], plus a "higher level correction" 
using an empirical formula 
L\E(HLC) = -0.19na- 5.96nB 
yield the G 1 energies. Here, nu and nfJ are the number of a 
and {3 electrons, respectively. The G2 method includes a 
correction [E(L\)] for nonadditivity of diffuse-sp and 2df basis 
set extensions used in the G 1 method, an addition of a third set 
of d-functions and a second set of p-functions, and a modifica-
tion of the higher level correction (HLC) used to correct for 
the remaining basis set deficiencies. 
The nature of the bonding in the N20 2 isomers has been 
analyzed with the aid of the atoms in molecules (AIM) electron 
density analysis.40 The density analysis has been discussed in 
detail elsewhere,40 and only a few key points will be given here. 
A critical point in the charge density is a point at which the 
gradient of the charge density vanishes (VQ(r) = 0). A bond 
critical point (rb) exists between two atoms if there is a saddle 
point in the electron density Q(r) between two atoms. At such 
a point the Hessian of Q(r) has one positive eigenvalue along 
the bond axis and two negative eigenvalues along the axes 
orthogonal to the bond axis. The existence of a bond critical 
point implies the existence of a bond path (a line linking two 
nuclei along which the charge density is a maximum with 
respect to any lateral displacement) and the two atoms are said 
to be bonded. The Hessian of Q(r) at a ring critical point (r,) 
has two positive and one negative eigenvalues, with the density 
Q(r,) at the ring critical point being smaller than that at all 
surrounding bond critical points. If an N-N bond is present 
in structure 5 (1,3-diaza-2,4-dioxa[l.l.O]bicyclobutane), one 
expects a bond critical point between the two bridgehead atoms, 
as well as two ring critical points, one on the face of each three-
membered ring. 
bond length, A angle, deg 
N-O 0-0 0-0-N N-N-0 
1.2024 1.7574 103.97 179.51 
1.1901 1.8014 106.20 179.62 
1.2001 1.7089 104.22 179.35 
1.1944 1.7590 106.45 179.66 
1.2017 1.6863 104.80 179.48 
1.1955 1.6900 104.67 179.42 
1.1971 1.6693 105.22 179.47 
1.2273 1.5303 103.59 179.49 
1.2137 1.5249 105.67 179.47 
1.2166 1.5104 106.36 179.74 
1.2240 1.5817 102.87 179.34 
1.2472 1.5722 101.39 179.50 
1.2706 1.6285 98.19 179.70 
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TABLE 4: Structures and Total Energies (in au) of 4 
bond length, A 
level energy N-N N-O 0 - 0 N- N- 0 
RHF/6-31G(d) -258.287 006 1.1268 1.3520 1.4786 146.85 
RHF/6-3 11G(d) -258.352 989 1.123 1 1.3420 1.4572 147. 12 
RHF/6-311G(2d) - 258.368 546 1.1159 1.3512 1.4723 146.99 
RHF/6-3 11+G(d) - 258.356 572 1.1234 1.341 3 1.4588 147.06 
RHF/6-311 +G(2d) -258.372 557 1.1159 1.3497 1.47 14 146.97 
RHF/6-3 11G(2df) -258.380 592 1.1169 1.3455 1.4660 146.99 
RHF/6-3 11 + G(2df) -258.384 666 1.1169 1.3438 1.4649 146.97 
MP2/6-3 1G(d) - 259.025 8 10 1.1 377 1.4882 1.5881 147.75 
MP2/6-3 11G(d) - 259.216905 1.1 300 1.4681 1.5785 147.48 
MP2/6-3 11 + G(d) - 259.228004 1.1296 1.4711 1.5814 147.49 
MCSCF/6-3 1G(d) - 259.520464 1.1247 1.5236 1.6514 147.18 
III. Results and Discussion 
The structural and energetic information are tabulated sepa-
rately for each isomer in Tables 1-5, illustrating the effects of 
different levels of theory. The SCF structures were optimized 
with the 6-31G(d) basis and the valence triple-C series obtained 
by the systematic expansion of the 6-3110 basis set with 
different types of polarization and diffuse functions yielding 
the following basis sets: 6-311G(d), 6-311G(2d), 6-311 + G(d), 
6-31 1 +G(2d), 6-311 G(2df), and 6-311 + G(2df). Differences in 
predicted geometries among these basis sets are generally small 
for a given isomer. Deviations among these basis sets are 
generally less than 0.02A for bond lengths and less than 1 o for 
bond angles, with the exception of structure 5 where the 
differences in the 0-0 distance (0.09 A) and the 0 - 0 - N 
angle (1.24°) between the 6-31G(d) and the 6-311G(d) basis 
sets are somewhat larger. Generally, the larger basis sets 
decrease 0 - 0 distances as expected. Similar to the SCF results, 
structures obtained from three different basis sets [6-31G(d), 
6-311 G( d), and 6-311 +G( d)] at the MP2 level of theory are in 
good agreement with one another. Since MP2 introduces anti 
bonding character into the various bonds, the general effect of 
adding MP2 into the geometry determination is a lengthening 
of the bonds. The same is true for MCSCF geometries. 
In the next three subsections, we discuss results of the SCF, 
MP2, and MCSCF calculations with the 6-31G(d) basis set, since 
the basis set effects appear to be small, based on the discussion 
in the previous paragraph. These results will be discussed in 
the Structures and Bonding (section A) and Energetics (section 
B) sections. The calculated structures are presented in three 
subsections (SCF, MP2, and MCSCF), starting with the single 
determinant SCF subsection. The bonding of these compounds 
is examined using the MCSCF/6-31G(d) wave functions. 
A. Structures and Bonding. /. SCF. The geometrical 
parameters of the N20 2 isomers (1- 5) are listed in Tables 1-5, 
respectively, along with the total energies at the SCF, MP2, 
QCISD, and MCSCF levels of theory with several basis sets. 
Nguyen et al. 
a) b) 
Figure 2. (a) MP2/6-3 1G(d) imaginary normal mode (164i cm- 1) of 
5. (b) MCSCF/6-31G(d) imaginary normal Mode 187i em- • of 4. 
a 1.9405 b 0.0598 
c 1.9155 d 0.0842 
e 1.8917 r 0. 1074 
g 1.9557 h 0.0432 
1.9761 0.0259 
Structure I 
Figure 3. Correlated reaction orbitals of the optimized ( I 0, I 0) MCSCF/ 
6-31 G(d) wave function in the a.(xz)(a, b, e, f, g-j) and 0.75 au above 
the xy-plane (c, d) (numerical value = occupation number). 
The four-membered ring (1) structure calculated at RHF/6-
31G(d) has (see Table 1) N-0 = 1.351 A, 0-0 = 1.398 A, 
and an N-N distance essentially identical to the N= N double 
bond in HN=NH. These bond distances and bond angles are 
about 0.1 A shorter and 2° smaller, respectively than those 
obtained earlier by Bardo.21 The 1,3-diazo-2,4-dioxa[I.I.O]-
bicyclobutane structure (5) is a minimum on the SCF potential 
TABLE 5: Structures and Total Energies (in au) of 1,3-diaza-2,4-dioxa[l.l.O]bicyclobutane (5) 
level 
RHF/6-3 1G(d) 
RHF/6-3 11G(d) 
RHF/6-3 11 G(2d) 
RHF/6-3 11G(d) 
RHF/6-3l i+ G(2d) 
RHF/6-3 11 G(2df) 
RHF/6-311 + G(2df) 
MP2/6-31G(d) 
MP2/6-311 G( d) 
MP2/6-31l+G( d) 
QCISD/6-31G(d) 
MCSCF/6-31G(d) 
energy 
- 258.291 376 
-258.359 403 
-258.368 283 
-258.364 259 
-258.371 766 
-258.381 813 
-258.385 715 
-259.025 183 
-259.216 565 
- 259.227 356 
- 259.022 616 
- 258.534 178 
bond length, A 
N- N N- 0 
1.3221 1.402 1 
1.3183 1.3927 
1.3216 1.4005 
1.3187 1.3926 
1.3217 1.3998 
1.3179 1.3960 
1.3178 1.3952 
1.3948 1.4843 
1.3805 1.4642 
1.3819 1.4658 
1.3729 1.4701 
1.3951 1.4837 
angle, deg 
N- 0 - N 0 -N-0 
56.26 91.16 
56.50 91.25 
56.31 91.18 
56.52 91.24 
56.34 91.21 
56.33 91.25 
56.36 91.27 
56.05 91.37 
56.25 9 1.63 
56.24 9 1.53 
55.67 9 1.43 
56.09 90.36 
dihedral, deg N-0-N-0 
56.93 
56.69 
56.89 
56.68 
56.84 
56.33 
56.79 
56.97 
56.64 
56.71 
57.23 
57.58 
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a 1.9553 b 0.0390 
1.9595 d 0.0351 
e 1.9746 f 0.0425 
g 1.8051 h 0.1945 
1.9546 0.0397 
Structure 2 
Figure 4. Correlated reaction orbitals of the optimized (10,10) MCSCF/ 
6-31G(d) wave function in the ah(xy)(a-e, f, i, j) and av(xz) (g, h) 
planes (numerical value = occupation number). 
a 1.9360 _.. b 0.0642 
c 1.9572 
d 1.9321 e 0.0716 
1.9688 g 0.0348 .. 
h 1.9802 0.0166 
Structure 3 
Figure 5. Correlated orbitals of the optimized (10,10) MCSCF/6-
31G(d) wave function in the XY-plane (a-d were plotted at 0.5 au 
above the XY-plane) (numerical value = occupation number). 
energy surface. This C2v structure possesses an N-N bond 
(1.322 A) that is shorter than the N-N single bond in hydrazine 
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a 1.9572 b 0.1205 
c 1.8454 d 0.1581 
e 1.9350 f 0.0654 
g 1.8789 h 0.0711 
1.9597 J 0.0087 
Structure 4 
Figure 6. Correlated reaction orbitals of the optimized ( 10, 10) MCSCF/ 
6-31G(d) wave function in the av(yz) (a-d, g-j) and av(xz) (e, f) plane 
(numerical value = occupation numbers). 
a 1.9255 b 0.0753 
c 1.9329 
e 1.9247 
g 1.9217 
1.9600 
Structure 5 
Figure 7. Correlated orbitals of the optimized (10,10) MCSCF/6-
31 G( d) wave function in the planes containing two bridgehead nitrogen 
atoms and one of two peripheral oxygen atoms (numerical value = 
occupation number). 
(1.426 A, H2N-NH2) and longer than the N-N double bond 
in diimide (HN=NH, 1.216 A),41 at the same level of theory. 
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a 
b 
Figure 8. (a) Relief maps of the charge distributions of (I) (top right 
and top left) in the a. plane, bond stretch 1,2-diaza-3,4-dioxacyclobutene 
(bottom left) (2) (bottom left) in the ah plane, and a-N20 2 (3) (bottom 
right) in the in the ah plane. The charge density cutoff is 0.60 au. (b) 
Relief maps of the charge distributions of 4 (top right and top left) in 
the a. plane. 5 1,3-diaza-2,4-dioxa[ 1.1.0]bicyclobutane (bottom) in a 
plane containing two bridgehead nitrogen atoms and one pheripheral 
oxygen atom. The charge density cutoff is 0.60 au. 
The N-0 distance of 1.402 A in 5 is similar to the N-0 
distance of 1.413 A42 in hydroxylamine (H2N-OH). Like 
bicyclobutane25< and silabicyclobutane species43, 5 also has a 
bond stretch isomer (2).24 This planar structure with D2h 
Nguyen et al. 
TABLE 6: Bond, Ring, and Cage Critical Point Analysis of 
N20 2 Isomers Using the MCSCF{l0,10)/6-31G(d). All Values 
Are in Atomic Units 
systems bond A- B e(r) V2e(r) 
N-N 0.4960 - 0.1349 
N- 0 0 .3080 - 0.4090 
0-0 0.1492 - 0.4368 
ring" 0.09496 0.8045 
2 N- 0 0.3589 - 0.6429 
ringa 0.1166 1.0033 
3 N-N 0.5885 - 0 .1677 
N-0 0.4297 - 0 .5758 
0 -0 0.1492 0.4368 
4 N-N 0.5885 -0. 1850 
N-0 0.2370 0.0495 
0 -0 0.1556 0.3222 
ringa 0.1298 0.7392 
5 N-N 0.3364 - 0.5605 
N-0 0.2621 - 0.0798 
ring" 0 .2139 0.5745 
a See text. 
symmetry possesses a much longer N-N distance of 1.876 A. 
This is compensated by a shorter N-0 distance (1.302 A). 
The two unusual structures 3 and 4 that had been considered 
earlier by Michels and Montgomery25• are also included in 
Tables 3 and 4. The N- N bond length in 4 is shorter than 
expected for a double bond, while the 0 - 0 distance is about 
the 0 - 0 single bond length. The a-N20 2 structure 3 has very 
short N- N and N- 0 distances, and an unusually long 0-0 
distance. 
2. MP2. One generally expects the introduction of correla-
tion corrections to increase bond distances due to the addition 
of antibonding character into the wave function. This is 
illustrated in the MP2 geometries in Tables 1-5. For the short 
bond 1,3-diaza-2,4-dioxa[ l . l.O]bicyclobutane isomer (5), in-
creases of 0.07 and 0.08 A from SCF distances are observed 
with the 6-31 G( d) basis set at the MP2 level of theory for the 
N-N and N-0 bond distances, respectively. At this level of 
theory, structure 5 has one imaginary frequency of 164i em- • 
(see Figure 2a), indicating a transition state instead of a local 
minimum. MP2/6-31G(d) predicts the bond stretch isomer (2) 
to be a minimum on the potential energy surface with a distance 
of 2.012 A for the N-N bond and 1.396 A for the N- O bond. 
This is a 0.136 A increase for the N- N distance relative to 
RHF/6-3 1G(d). At this level of theory, the N-N bond in 2 is 
greater than that in 5 by 0.617 A. 
For the other three isomers [dioxirane-like (4), asymmetric 
(3), and cyclic four membered ring (1)], nontrivial bond 
lengthenings are found for the 0-0 distances (4, --..0.2 A; 3 
and 1, --..0. 1 A) (see Tables I, 3, and 4). Similar results were 
also found with the 6-3 11G(d) and 6-311 +G(d) basis sets for 
all N20 2 isomers, upon introduction of correlation at the MP2 
level of theory. 
3. MCSCF. Correct descriptions of unusual molecular 
structures frequently need to be examined with more flexible 
wave functions.25a.<.44•45 ln these unusual bonding environments, 
multiconfiguration wave functions may be essential to ensure 
correct descriptions when such species have large diradical 
character. 
The MCSCF gt!ometries obtained with the 6-3 1G(d) basis 
set are also listed in Tables 1-5. Structural agreement between 
MCSCF and MP2 is quite good for structures 1, 2, and 5. For 
structure 4, the difference in predicted 0 - 0 distance is 0.07 
A, and in 3 this disagreement is 0.1 A. Other structural 
parameters are in reasonable agreement. The MCSCF/6-31G(d) 
Structures, Bonding, and Energetics of N20 2 Isomers J. Phys. Chern., Vol. 98, No. 40, 1994 10077 
TABLE 7: Relative Energies (kcaVmol) of N20 2 Isomers with Reference to 2NO 
6-31G(d)//6-31G(d) 6-311+G(2d)//6-31G(d) 6-311+G(2df)//6-31G(d) 
system MCSCF PT2F MCSCF PT2F MCSCF PT2F MP4" QCib G1 02 
1 43.4 49.4 44.4 52.9 43.6 51.2 35.8 38.3 39.5 41.7 
2 71.0 49.0 71.7 48.7 71.1 51.0 37.8 45.5 46.1 47.3 
3 60.3 79.3 57.1 75.5 56.8 73.8 56.6 60.5 62.1 63.8 
4 78.7 76.2 79.0 75.3 78.6 73.6 62.2 68.9 69.0 71.4 
5 71.2 77.3 73.2 81.9 72.4 79.7 63.5 67.0 68.0 69.3 
a MP4(SDTQ)/6-3111+G(2df)//6-31G(d). b QCISD(T)/6-311 +G(2df)/IMP2/6-311G+(d). 
structures for 2 and 5 were reported in an earlier study250 and 
are included here for completeness. The MCSCF/6-31G(d) 
Hessian of 5 is positive definite, indicating that it is a minimum 
on the PES, not a transition state as predicted by MP2. 
Structure 2 is a bond stretch isomer of 1,3-diaza-2,4-dioxa[l.l.O]-
bicyclobutane (5). The 0-N-N-0 dihedral angle of 107.0° 
in 5 is flattened to 180° to form 2, together with a much longer 
N-N bond (1.970 A), suggesting that there may be significant 
configurational mixing. 
The amount of configurational mixing can be assessed by 
examining the occupation numbers of the natural orbitals 
(NOONs) of the MCSCF wave function. In contrast to the 
largely closed shell nature of the N-N bond in 5 (with NOONs 
of 1.9600 and 0.0405 in the bonding and antibonding MOs, 
respectively), the NOONs in the N-N bonding and antibonding 
MOs of2 are 1.8051 and 0.1945, respectively. However, sums 
of all the NOONs in the antibonding MOs (that is, the net 
population in orbitals outside of the closed shell, Hartree-Fock 
configuration) for 2 and 5 are quite similar: 0.3508 and 0.3351, 
respectively. These NOONs are significantly larger than the 
corresponding NOONs of 0.1970 in 2NO. The a-like N-N 
bonding orbitals in 1 ,3-diaza-2,4-dioxa[l.l.O]bicyclobutane (5) 
become .n-like in 2 as illustrated by the natural orbitals shown 
in Figure 7 (ij) and Figure 4 (g, h) for isomers 5 and 2, 
respectively. In fact, the total density analysis reveals a 
symmetric four-membered ring like arrangement for 2 (see 
Figure 8a, bottom left). This is verified by the four equivalent 
N -0 bond critical points and one ring critical point at the center 
of 2 (see Table 6 and Figure 8a). Figure Sa (bottom) displays 
the total density of 1,3-diaza-2,4-dioxa[l.l.O]bicyclobutane (5) 
in the plane containing one peripheral oxygen and two bridge-
head nitrogen atoms, revealing only one of the two equivalent 
three-membered rings making up the bicyclo system with two 
N -0 and one N-N bond critical points and a ring critical point. 
Structure 4, a minimum at both the SCF and MP2 levels of 
theory, is predicted to be a transition state (with an imaginary 
frequency of 187i cm-1) at the MCSCF level. From the 
imaginary normal mode, 4 appears to be a symmetric transition 
state leading to a-NzOz (3) (see Figure 2b). The optimized 
MCSCF/6-31G(d) bond lengths and bond angles of 3 are within 
0.1 A and 1 o of the results obtained earlier at the MR-CISD-
(4,4)ffZP level of theory.25b The natural orbitals and their 
corresponding NOONs reveal some mixing at the transition 
structure (4) leading to 3 (see Figure 6). The N-0 and 0-0 
antibonding MOs of 3 each have a NOON greater than 0.1. 
Despite the unusual structure, a-N20 2 (3) has the smallest 
amount of configurational mixing among the four isomers 
(0.2258 electron in the antibonding MOs), as shown in Figure 
5. The total density plots displayed in Figure 8a (bottom right) 
and Figure 8b (top) confirm the bonding nature revealed by 
the structural information of 3 and 4, respectively. The short 
N-N bonds in 3 and 4 result in considerable charge density 
accumulation in the those regions, in contrast to the densities 
in the regions containing the stretched 0-0 bonds (Table 6). 
Natural orbitals and total density plots confirm the cyclic 
nature of 1 (see Figure 3 and Figure 8a, top). There are four 
N-N MOs (a,a*, .n, and .n*) with a density of 0.496 au at the 
bond critical point. The N-N distance (1.247 A) of the cyclic 
N202 is similar to the N-N bond in HN=NH while the N-0 
(1.431 A) and 0-0 (1.539 A) bonds are closer to those of 1,3-
diaza-2,4-dioxa[l.l.O]bicyclobutane and a-N20 2 (3), respec-
tively. These distances are within 0.05 A of the corresponding 
MP2 values. 
B. Energetics. The calculated relative energies-with refer-
ence to 2NO-of all NzOz isomers are listed in Table 7. G2 
relative energies are 41.7, 47.3, 63.8, 71.4, and 69.3 kcal/mol 
for 1-5, respectively. The corresponding G 1 energetics are 
generally within 2.5 kcal mol-1 of the G2 values. QCISD(T)/ 
6-311 +G(2df) relative energies are essentially identical to those 
predicted by Gland G2. Since the unrestricted Hartree-Foc06 
(UHF) wave function for NO is only slightly spin-contarnined 
((!P) = 0.7737) the differences between the projected47 (PMPn) 
and unprojected (MPn) relative energies for the MP series are 
small, 5.0 and 3.0 kcal/mol for MP2 and MP4, respectively. 
The PMP4 relative energies are converged to within 1 kcall 
mol of the QCISD(n values, except for structures 2 and 4 where 
the QCISD(T)-PMP4 differences are 4.7 and 3.7 kcal/mol, 
respectively. Since the QCISD(T), Gl, and G2 methods have 
been shown to have excellent agreement with experiment for 
cases in which MP4 was inadequate,36·37·48 the QCISD(T) 
relative energies for these isomers may be closer to the correct 
results. A correction for spin contamination of the UHF wave 
functions may bring G1, G2, and QCISD(T)/6-31l+G(2df)// 
MP2/6-311 G+( d) relative energies into closer agreement with 
the multireference PTIF/6-311 +G(2df)//MCSCF/6-31 G( d) rela-
tive energies. The basis set dependence of PT2F and MCSCF 
relative energies is small (less than 3 kcallmol for the worst 
case) upon going from 6-31G(d) to 6-31l+G(2df) (see Table 
7). Note that all levels of theory beyond the simple MCSCF 
predict all structures 1-5 to be high in energy relative to 2NO 
and also predict structures 3-5 to be 15-20 kcallmol higher 
than 1 and 2. 
IV. Summary and Conclusion 
Several levels of ab initio molecular orbital theory have been 
used to predict the structures and energetics of N20 2 isomers. 
Five high-energy isomers were located above 2NO with 
QCISD(T)/6-311 +G(2df)//MP2/6-311 +G(d) (PT2F/6-311 +-
G(2df)//MCSCF/6-31G(D)) relative energies of ca. 38 (51), 46 
(51), 61 (74), 69 (74), and 68 (80) kcallmol for 1,2-diaza-3,4-
dioxacyclobutene (1), bond stretch 1,3-diaza-2,4-dioxa[l.l.O]-
bicyclobutane (2), a-Nz02 (3), 4, and 1,3-diaza-2,4-dioxa[l.l.O]-
bicyclobutane (5), respectively. The effect of basis sets on 
structures is small within a given level of theory. The MCSCF 
structures agree reasonably with those of MP2. 
Of the five metastable (thermodynamically) species, a-N20 2 
has been shown to dissociate via the spin-forbidden channel 
a-N20 2(1A')- N20 (X1I/) + 0 (3P).25b Study of the kinetic 
stability of the other isomers with respect to spin-allowed and 
spin-forbidden processes is in progress. 
10078 J. Phys. Chern., Vol. 98, No. 40, 1994 
Acknowledgment. This collaborative research was supported 
in part by grants from the Air Force Office of Science Research 
under the High Energy Density Materials Initiative to K.A.N. 
and M.S.G. and the AF Phillips Laboratory under Contract 
F04611-90-C-0009 to J.A.M. and H.H.M. Calculations de-
scribed in this work were performed on an IBM RD6000/350 
(obtained through an AFOSR grant to M.S.G.) at North Dakota 
State University , on an IBM RS6000/350 generously provided 
by Iowa State University, on an IBM RS6000/350 at United 
Technologies Research Center, and on the Cray-2 at the National 
Center for Supercomputing Applications, Champaign, Illinois. 
References and Notes 
(1) Smith, A. L.; Keller, W. E.; Johnston, H. L. Chern. Phys. 1951, 
19, 189. 
(2) (a) Lipscomb, W. N.; Wang, F. E.; May, W. R.; Lippert, E. L., Jr. 
Acta Crystallogr. 1961, 14, 1100. (b) Lipscomb, W. N. J. Chern. Phys. 
1971, 54, 3659. 
(3) Guillory, W. A.; Hunter, C. E. J. Chern. Phys. 1969, 50, 3516. 
(4) (a) Dinerman, C. E.; Ewing, G. E. J. Chern. Phys. 1970, 53, 636. 
(b) Dinerman, C. E.; Ewing, G. E. J. Chern. Phys. 1971, 54, 3660. 
(5) (a) Naitoh, Y.; Fujimura, Y.; Honma, K.; Kajimoto, 0. Chern. Phys. 
Lett. 1993, 205, 423. (b) Naitoh, Y.; Fujimura, Y.; Kajimoto, 0.; Honma, 
K. Chern. Phys. Lett. 1993, 190, 135. 
(6) Kajimoto, 0.; Honma, K.; Kobayashi, T. J. Phys. Chern. 1985, 89, 
2725. 
(7) Billingsley, J.; Callear, A. B. Trans. Faraday Soc. 1971, 67, 589. 
(8) During, J. R.; Griffin, M. G. J. Raman Spectrosc. 1976, 5, 273. 
(9) Anderson, A.; Lassier-Govers, B. Chern. Phys. Lett. 1977, 50, 124. 
(10) Forte, E.; van den Bergh, H. Chern. Phys. 1978, 30, 325. 
(11) (a) Kumar, V.; Verma, U. P.; Pandey, A. M. J. Mol. Struct. 1978, 
49, 411. (b) Ohlsen, J. R.; Lanne, J. J. Am. Chern. Soc. 1978, 100, 6948. 
(12) Western, C. M.; Langridge, P. R. R.; Howard, B. J.; Novick, S. E. 
Mol. Phys. 1981, 44, 145. 
(13) Kukolich, S. G. J. Mol. Spectrosc. 1983, 98, 80. 
(14) Menoux, V.; LeDoucen, R.; Haleusler, C.; Deroche, J. C. Can. J. 
Phys. 1984, 62, 322. 
(15) Sodeau, J. R.; Withnall, R. J. Chern. Phys. 1985, 89, 4484. 
(16) (a) Casassa, M. P.; Woodward, A.M.; Stephenson, J. C.; King, D. 
S. J. Chern. Phys. 1986, 85, 6235. (b) Casassa, M. P.; Stephenson, J. C.; 
King, D. S. J. Chern. Phys. 1988, 89, 1966. 
(17) Fischer, I.; Strobel, A.; Staecker, J.; Niedner-Schatteburg, G.; 
Muller-Dethlefs, K.; Bondybey, V. E. J. Chern. Phys. 1992, 96, 7171. 
(18) (a) Williams, J. E.; Murrell, J. N. J. Am. Chern. Soc. 1971, 93, 
7149. (b) Vladimiroff, T. J. Am. Chern. Soc. 1972, 94, 8250. (c) Skancke, 
P. N.; Boggs, J. E. Chern. Phys. Lett. 1973, 21, 316. (d) Skaarup, S.; 
Skancke, P. N.; Boggs, J. E. J. J. Am. Chern. Soc. 1976, 98, 6106. (e) Lee, 
T. J.; Rice, J. E.; Scuseria, G.; Schaefer, H. Theor. Chim. Acta (Berlin) 
1989, 75, 81. Harcourt, R. D. J. Mol. Struct. (THEOCHEM) 1990, 65, 
253. (f) Cole, S. J.; Bartlett, R. J. Unpublished results. 
(19) Benzel, M. A.; Dykstra, E. C.; Vincent, M. A. Chern. Phys. Lett. 
1981, 78, 139. 
(20) Ha, T.-K. Theor. Chim. Acta (Berlin) 1981, 58, 125. 
(21) Bardo, R. D. J. Phys. Chern. 1982, 86, 4658. 
(22) Bock, C.; Trachtman, M.; Schmiedekamp, A.; George, P.; Chin, 
T. S. J. Comput. Chern. 1983, 4, 379. 
(23) Neilin, C. J.; Bagus, P. S.; Behm, J.; Brundel, C. R. Chern. Phys. 
Lett. 1984, 105, 58. 
(24) Zandwijk, v. G.; Janssen, R. A. J.; Buck, H. M. J. Am. Chern. Soc. 
1990, 112, 4155. 
Nguyen et al. 
(25) (a) Michels, H. H.; Montgomery, J. A., Jr. J. Chern. Phys. 1988, 
88, 7248. (b) Nguyen, K. A.; Gordon, M. S.; Montgomery, J. A., Jr.; 
Michels, H. H.; Yarkony, D. R. J. Chern. Phys. 1993, 98, 3845. (c) Nguyen, 
K.; Gordon, M.S.; Boatz, J. A. J. Am. Chern. Soc., submitted for publication. 
(d) Nguyen, K. A.; Chaban, G.; Gordon, M. S.; Montgomery, J. A., Jr.; 
Michels, H. H.; Yarkony, D. R. To be published. 
(26) (a) Yang, X.; Kim, E. H.; Wodtke, A.M. J. Chern. Phys. 1992, 
96, 5111. (b) Yang, X.; Price, J. M.; Mack, J. A.; Morgan, C. G.; Rogaski, 
C. A.; McGuire, D.; Kim, E. H.; Wodtke, A. M. J. Phys. Chern. 1993, 97, 
3944. 
(27) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Int. J. 
Quantum Chern. 1979, S13, 225. 
(28) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chern. Phys. 1972, 56, 
2257. 
(29) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chern. Phys. 
1980, 72, 650. 
(30) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R. 
J. Comput. Chern. 1983, 4, 294. 
(31) Lengsfield, B. H., III. J. Chern. Phys. 1980, 73, 382. Jarkony, D. 
R. Chern. Phys. Lett. 1981, 77, 634. Ruedenberg, K.; Schmidt, M. W.; 
Dombek, M. M.; Elbert, S. T. Chern. Phys. 1982, 71, 41, 51, 65. Lam, B.; 
Schmidt, M. W.; Ruedenberg, K. J. Phys. Chern. 1985, 89, 2221. 
(32) GAMESS (General Atomic and Molecular Electronic Structure 
System): (a) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Jensen, J. 
H.; Koseki, S.; Gordon, M. S.; Nguyen, K. A.; Windus, T. L.; Elbert, S. T. 
QCPE Bull. 1990, 10, 52. (b) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. 
A.; Elbert, S. T.; Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; 
Nguyen, K. A.; Su, S.; Windus, T. L. J. Comput. Chern. 1993, 14, 1347. 
(33) Frisch, M. J.; Head-Gordon, M.; Schlegel, B. H.; Raghavachari, 
K.; Binkley, J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. 
A.; Seeger, R.; Melius, C. F.; Baker, J.; Martin, R.; Kahn, L. R.; Stewart, 
J. J. P.; Fluder, E. M.; Topiol, S.; Pople, J. A. GAUSS/AN88; Gaussian, 
Inc.: Pittsburgh, PA, 1988. 
(34) Amos, R. D.; Rice, J. E. CADPAC: The Cambridge Analytic 
Derivatives Package, issue 4.0, Cambridgti, 1987. 
(35) (a) Anderson, K.; Malmqvist, P.-A.; Roos, B. 0. J. Chern. Phys. 
1992, 96, 1218. (b) Anderson, K.; Malmqvist, P.-A. Roos, B. 0. J. Phys. 
Chern 1990, 9~, 5483. (c) Anderson, K.; Hilscher, M. P.; Lindh, R.; 
Malmqvist, P.-A.; Olsen, J.; Roos, B. 0.; Sadlej, A. J.; Wilmark, P.-O. 
MOLCAS version 2, User's Guide; University of Lund: Sweden, 1991. 
(36) Pople, J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.; 
Curtiss, L. A. J. Chern. Phys. 1989, 90, 5622. 
(37) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A. J. 
Chern. Phys. 1991, 94, 7221. 
(38) (a) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. (b) 
Krishnan, R.; Frisch, M. J.; Pople, J. A. J. Chern. Phys. 1980, 72, 4244. (c) 
Barlett, R. J.; Sekino, H.; Purvis, G. D. Chern. Phys. Lett. 1983, 98, 66. 
(39) Pople, J. A.; Head-Gordon, M.; Raghavachari, K. J. Phys. Chern. 
1987, 87, 5968. 
(40) (a) Bader, R. F. W.; Nguyen-Dang, T. T. Adv. Quantum Chern. 
1981, 14, 63. (b) Bader, R. F. W.; Nguyen-Dang, T. T.; Tal, Y. Rep. Prog. 
Phys. 1981, 44, 893. (c) Bader, R. F. W. Ace. Chern. Res. 1985, 18, 9. (d) 
Bader, R. F. W. Chern. Rev. 1991, 91, 893. 
(41) Schmidt, M. W.; Gordon, M. S. Inorg. Chern. 1986, 25, 248. 
(42) Schmidt, M. W.; Truong, P. N.; Gordon, M.S. J. Am. Chern. Soc. 
1987, 109, 5217. 
(43) Boatz, J. A.; Gordon, M. S. J. Phys. Chern. 1989, 93, 2888. 
(44) Schmidt, M. W.; Nguyen, K. A.; Gordon, M. S.; Montgomery, J. 
A., Jr. J. Am. Chern. Soc. 1991, 113, 5998. 
(45) Nguyen, K. A.; Carroll, M. T.; Gordon, M. S. J. Am. Chern. Soc. 
1991, 113, 7924. 
(46) Pople, J. A.; Nesbet, R. K. J. Phys. Chern. 1954, 22, 571. 
(47) Schlegel, H. B. J. Phys. Chern. 1986, 84, 4530. 
(48) Raghavachari, K.; Trucks, G. W. J. Chern. Phys. 1991, 91, 2457. 
